G enetic polymorphism for apoprotein E was first reported from the evidence of isoelectric focusing in polyacryalmide gels. 1 The banding patterns were originally attributed to allelic variation at two loci, but later work, including use of two-dimensional electrophoresis, 2 " 4 reconciled the commonly observed band differences with the segregation of three alleles at a single locus, and the different major isoforms were defined by amino-acid substitutions. 5 ' 6 Although we originally referred to the alleles by Roman numerals, we here follow the generally recommended scheme 7 whereby e2, e3, and £4 refer to the common alleles and apo E-4, apo E-3, and apo E-2 refer to the major isoforms.
We have recently reported 8 the gene frequency for the three electrophoretically recognized alleles in a random sample of 400 persons between the ages of 45 and 60 years, born in the Grampian Region of North East Scotland. The frequencies were 0.08 for " 11 from other Caucasian populations.
We also compared 8 the frequency of phenotypes in this random sample with the frequencies in survivors of myocardial infarction who were under 65 years of age and were born in the same region. Statistically significant differences were noted: phenotypes identified by the presence of at least one e4 allele occurred more frequently than expected among survivors of infarction. This was particularly evident for the E-4/3 category, although another report 12 has indicated a relatively lower incidence of E-4/3 in survivors of myocardial infarction. We also found that men in this category were younger at first incident than were men with other phenotypes. The E-3/2 phenotype occurred less frequently than expected. Apart from the homozygosity of E2, a necessary condition for development of Type III hyperlipidemia, other phenotypes were not neutral for coronary risk in our population. The evidence from survivors of myocardial infarction suggests that e4 may confer increased risk, although the effect of one or more linked genes cannot be excluded. It has been reported 13 that apo E-4 shows enhanced turnover. It has also been reported 14 that there is a high frequency of E-4/4 among cases of Type V hyperlipoproteinemia, but this was not confirmed in another study. 15 There is also evidence 16 " 18 of differences in the serum lipoprotein profile in different phenotypes.
In the light of our earlier study 19 of the distribution of lipoprotein profiles in North East Scotland and the need to establish a more accurate estimate of the effects of allelic substitution on the lipoprotein profile in a truly random sample, we determined the serum concentration of very low density lipoprotein (VLDL), intermediate density lipoprotein (IDL) , and low density lipoprotein (LDL) fractions, as well as the high density lipoprotein (HDL) fractions HDL^ and HDL3, in a random sample of persons born in the same district who had the apo E phenotype. Relevant environmental variables, e.g., smoking and drinking habits, were recorded as well.
Methods

Population Sample
Our subjects were a random sample of persons aged 45 to 60 years who were born in the Grampian region of North East Scotland. The sample was randomly drawn from practitioners' lists (which include virtually the entire population) and was stratified by list. Hence we were dealing with a sample that met the most stringent conditions for randomness. The phenotype was determined for 400 persons, and complete lipoprotein profiles were made for 337 persons. We had, therefore, a reliable basis for comparison with phenotype frequency and serum lipoprotein concentrations in other populations.
Apoprotein E Phenotype
Apoprotein E phenotype was determined by isoelectric focusing and confirmed by two-dimensional electrophoresis as described elsewhere.
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Lipoprotein Profiles
Prepspin ultracentrifuge (Measuring and Scientific Equipment, Crawley, England) preparations were carried out in 10 ml polycarbonate tubes in a 10 x 10 ml rotor (MSE). The centrifugation protocol, at progressively higher densities, was as follows: VLDL < 1.007 g/ml, 16 hours at 40,000 rpm; IDL = 1.007 to 1.020 g/ml, 17 hours at 40,000 rpm; LDL = 1.020 to 1.063 g/ml, 18 hours at 45,000 rpm; HDL 2 = 1.063 to 1.126 g/ml, 44 hours at 40,000 rpm; HDL 3 + protein > 1.126 g/ml.
The temperature was held at 9° C for all fractionations.
The cholesterol content of all fractions and the triglyceride content of the VLDL fraction were determined by previously described methods. 19 Our assay procedures have been tested in the Lipid Standard Program (Atlanta, Georgia) and were satisfactory. Consistency has been routinely monitored by the inclusion of appropriate frozen samples at single concentrations.
The relative concentration of the C peptides, which were simultaneously separated by isoelectric focusing, was recorded by densitometric scan. Tests have demonstrated linearity between the densitometric values and the amount of protein applied to the gel over the recorded range.
Lifestyle Variables
Smoking refers to the average number of cigarettes smoked daily. Drinking refers to the average number of grams of alcohol consumed per week, using the average alcohol content of a pint of beer, a glass of wine, or a measure of spirits. To collect data on smoking and drinking, the experienced field investigator closely questioned the interviewees on the alcohol consumed and the cigarettes smoked in recent weeks and on how typical this was. From our extensive experience in other investigations, we believe the evidence provided a sufficiently accurate indication of these aspects of lifestyle.
Age, sex, smoking, and drinking habits are potential sources of variation that have to be taken into consideration when comparing serum lipoprotein concentration according to phenotype.
The procedures for collecting epidemiological information and blood samples were endorsed by the local Ethical Committee. Informed consent was obtained from all the persons in the study as well as from their physicians.
Analytical Procedures
All the lipoprotein scores were converted to a log scale before analysis to minimize departure from normality (see earlier discussion 19 ) and so that variances for different categories of lipoprotein could be directly compared.
Regression analysis was used to test for possible nongenetic effects of age, smoking, and alcohol consumption separately by sex and also for the commonest phenotypes: E-3/3, E-4/3, and E-3/2.
Results
Nongenetic Effects on Lipoprotein Concentrations
Age Effects
In men, there was no evidence of a significant regression with age for VLDL cholesterol or triglyceride or IDL, LDL, HDL,, and HDL3 cholesterol. This is perhaps not surprising in view of the age restriction (45 to 60 years) in the present sample.
In E-3/3 and E-3/2 women, there was a statistically significant regression with age for LDL (0.008 ± 0.002 and 0.015 ± 0.004 respectively). In E-3/2 women there were also significant positive regressions with age for VLDL cholesterol (0.048 ± 0.017), for VLDL triglyceride (0.035 ± 0.015), and for IDL cholesterol (0.039 ± 0.001). Although these changes with age were small, the values were cor-285 rected to the mean age of the population sample (53.0 years).
Smoking and Drinking
Approximately half the population regularly smoked cigarettes. Men smoked an average of 22.4 cigarettes a day, and women smoked an average of 16.7 cigarettes a day. Nonsmokers included both those who had never smoked and those who had stopped. There was a marked difference between men and women in their consumption of alcohol: 52.9% of the men and 14.5% of the women regularly consumed alcohol. The rest were either teetotalers or indulged only very occasionally, and both groups were classified together as nondrinkers. There was a highly significant correlation in both men (0.41) and women (0.25) between cigarette smoking and alcohol consumption. Even among persons who had given up cigarette smoking, there was a highly significant correlation of 0.32 in men and a positive, although statistically insignificant, correlation of 0.16 in women between the present rate of alcohol consumption and the former rate of cigarette smoking. Table 1 summarizes the partial regression coefficients for cigarette smoking and alcohol consumption. For men, the separate and joint effects of these variables were negligible except for the HDL fractions. In HDL,, there were significant, partial, positive regressions on alcohol consumption which were particularly marked in phenotypes E-3/2 and E-4/3. For HDLg, there were also positive regressions for alcohol. For cigarette smoking, all but one of the partial regression coefficients for the HDL fractions were negative, although this was statistically significant only for phenotype E-3/3.
In women, there was a significant, positive, partial regression of HDL, with alcohol consumption in E-3/3 and of HDLg in phenotype E-3/2. In this latter phenotype, there was also a statistically significant, negative relationship with cigarette smoking for this lipoprotein fraction. Apart from a minor negative relationship between alcohol consumption and the cholesterol content of VLDL, all the other partial regression coefficients were statistically insignificant.
Thus in this population sample, the effects of drinking and smoking on the serum lipoprotein concentrations were quite minor and, when evident, they affected the HDL fraction particularly, which tended to increase with alcohol consumption and to diminish with cigarette smoking. Apart from phenotype E-3/2, the total sum of squares accounted for by the two variables was generally below 10%. Inspection of the sign, magnitude, and statistical significance of the partial regression coefficients for the HDL fractions suggests that women of phenotype E-3/2 may be relatively more sensitive to cigarette smoking and alcohol consumption than women of other phenotypes or than men of the same phenotype. No. of persons The comparatively minor effects of smoking and drinking on lipoprotein profiles in this population may be compared with our earlier evidence 19 of the positive association between VLDL serum concentration and regular cigarette smoking. However, the population in the earlier study was drawn from a much wider age range (16 to 70 years) compared with the present study (45 to 60 years), and alcohol consumption was not recorded in the earlier study. Since lifestyle changes with age and the effects of smoking and drinking may also vary with age, the two sets of evidence cannot be compared directly. Table 2 shows the mean serum lipoprotein concentrations on the log scale for the commonest phenotype, E-3/3, the means of the other phenotypes expressed as deviations from these, and the tests of significance. For phenotype E-4/3, only LDL cholesterol in women significantly exceeded the corresponding E-3/3 values; the other differences were minor. For E-3/2, the position was quite different. In men the mean LDL concentration was substantially lower and the difference was highly significant (p < 0.01); none of the other differences approached the 0.05 level of significance. In women, the mean LDL value was significantly lower but not as low as in men. VLDL cholesterol and IDL cholesterol had appreciably higher mean values than those recorded for E-3/3, but this was not true for VLDL triglyceride. Thus, the pattern of changes in the lipoprotein profile initiated by substituting an E2 for an e3 allele was gender-dependent. Table 3 shows the differences in more familiar arithmetic terms. The mean values for E-3/3 are quoted in mg/100 ml as the antilogs of the values quoted in Table 2 , while the differences between In men, we also found an echo of this greater difference in VLDL cholesterol than in triglyceride, but neither of the cholesterol differences approached significance at the 0.05 level of probability. For the less frequent phenotypes, the mean scores for E-4/2 were similar to those for E-3/3 and, although the numbers were too small for certainty, the mean scores for E-4/4 were also similar to those for E-3/3. Only in E-2/2 were there substantial differences in the mean values. There was a massive reduction in LDL concentration in the one man, while in the one woman there was also a marked decline in LDL but in her this was accompanied by a striking increase in IDL, in VLDL triglyceride, and particularly in VLDL cholesterol. HDL, showed a significantly lower value, although HDL, was unaffected compared with E-3/3. Neither of these E-2/2 persons in the random sample had been diagnosed as hyperlipidemic nor had any personal history of heart disease. The woman, but not the man, had one first-degree relative (mother) with coronary heart disease.
Lipoprotein Profile
Relations between Lipoprotein Fractions
The substitution effects are also shown by other criteria. Table 3 shows that the substitution of e2 for E3 that produces the E-3/2 phenotype caused a disproportionate increase in VLDL cholesterol compared with triglyceride. Table 4 illustrates this more clearly in terms of the mean values of log VLDL cholesterol minus log VLDL triglyceride. In both sexes the difference on the log scale, is higher for E-3/2 than E-3/3; in women the difference was statistically significant (p < 0.01). Table 5 summarizes the regression of log VLDL cholesterol minus log VLDL triglyceride on IDL, LDL, HDL j , and HDLj according to gender. The slopes did not significantly differ between the commonest three genotypes, and we therefore quoted the slope of parallel lines. There was clearly a significant, positive regression on IDL in both sexes and a highly significant negative regression on HDLj, but no obvious relationship with variation in either HDLj or LDL. Thus, the higher the VLDL cholesterol/triglyceride ratio rose, the higher the IDL also rose and the lower the HDL, concentration became. Table 6 summarizes the regression of IDL, LDL, HDL,, and HDL, on VLDL cholesterol for the commonest three genotypes; the parallel regressions on VLDL triglyceride are not shown since they displayed an identical pattern. The table shows general consistency in the regressions in both phenotype and gender. The only discrepancies were in the lack of correlation between VLDL and IDL in E-3/2 men compared with women of the same phenotype and the lack of correlation with LDL in E-4/3 women, compared with men of the same category. Taken at face value, these discrepancies may indicate genetically determined differences in the phenotypic correlation, but little can be made of them at this stage.
In the introduction it was noted that we have also recorded the relative concentration of C-peptides. Table 7 shows the correlation of the ratios of apo Clllj/C-lll, and apo C-III^C-II for the commonest three phenotypes showing the substantial differences between them. The ratios are those that showed the highest correlations with VLDL. In E-3/3 men none of the correlations with the lipoprotein fractions attained statistical significance and they were generally quite minor. For E-4/3 men, however, there were highly significant correlations of -0.388 between HDLj and C-IIL/C-III, and of -0.365 between HDLj and Clllj/C-ll; there was also a significant positive correlation of 0.315 between VLDL cholesterol and C-lliyC-II. In E-3/2 men, there were significant positive correlations for both ratios with VLDL and consistently negative correlations with HDL, and HDLj which were about the same as for E-4/3. Thus on this evidence, E-3/3 differed from the other two phenotypes which were similar in their relationships. In women, the phenotype differences were more dramatic. In both E-3/3 and E-4/3 women there were well-marked, statistically significant positive correlations between both ratios and VLDL and IDL, whereas in E-3/2 women the correlations were minor and generally negative. All the correlations with HDL3
were negative in all phenotypes and the same was generally true of HDL,; however, in E-4/3. women the negative correlations were larger and highly significant. Thus, the association between the Cpeptide ratios and the serum lipoprotein fractions may involve differences between phenotypes within gender and also differences between gender within phenotype.
Variance due to Segregation
Since the effects of substituting the e2 allele were substantial and the frequency of the allele was high (0.08), the fraction of the phenotypic variance accounted for by segregation at the apo E locus is of considerable interest, especially when compared with the estimates of additive genetic variance that we reported previously. 19 The variance due to segregation was derived from the sum of the squared deviations of the means of the phenotypes from the population mean, weighted by their relative frequency. The reliability of this estimate depends on how closely the means of the phenotypes approximate the true phenotype values, and this depends on the number of "replicates" per phenotype. Since the numbers vary widely among phenotypes, which are treated as corresponding to the six alternative genotypes in the three-allele situation, the present estimates are subject to sampling errors, especially for the classes with fewer cases.
The heritability estimates were made from a random sample of persons living in North East Scotland, aged 16 years and older and not restricted to the 45-to 60-year-old group as in the apo E study. The heritability estimates refer to the additive genetic variance derived from the regression of offspring mean on one parent. 19 It is likely that the serum lipoprotein fractions are traits that vary about an intermediate optimum; thus, we can infer from the evidence of biometrical genetics that nonadditive genetic variation (i.e., dominance, epistasis, gene environment interaction) does not contribute much to the phenotypic variation and that the heritability estimates provide a realistic indication of the relative importance of polygenic variation. Thus, we are in the rare position of being able to compare polygenic variation with the contribution of segregation at a single locus to the phenotypic variance.
In our earlier study, 19 we did not measure the > heritability of IDL, and for HDL we dealt with the undivided fraction (HDL, + HDL)). We therefore can make direct comparisons only for VLDL and LDL separately for the sexes. Table 8 shows that approximately 36% of the phenotypic variation of LDL (sexes averaged) was estimated as additively genetic, while segregation at the apo E locus accounted for 17.6% of the phenotypic variance in men and for 12.8%, in women. Thus a very substantial proportion of the genetic variance of this fraction was due to segregation at the apo E locuc.
For VLDL, as noted earlier, segregation at the apo E locus in our sample was unimportant in men but statistically significant in women where it accounted for 8% of the phenotypic variation. IDL presented the same picture as VLDL. For the HDL fractions, it should be noted that HDL, was several times more variable than HDL, in both sexes. Segregation at the apo E locus was unimportant, except that there was a suspiciously high value of 5.9% for HDLj in women, which might be related to the significant effects of segregation on VLDL in women.
Discussion
The chief interest of this study lies in the estimation of the effects on the lipoprotein profile of substitution at the apo E locus in a random sample of healthy persons born in the same district. Because E-3/3 is the commonest phenotype and E-4/3, E-3/2, and E-4/2 occur with diminishing frequency in the population, the effects of allelic substitution are best determined by comparisons between the heterozygotes and E-3/3. Only five E-4/4 and two E-2/2 persons were found in our sample.
The most striking and consistent effect was due to the inferred substitution of an e2 allele for an e3 allele (E-3/3 to E-3/2) which caused a reduction of LDL cholesterol serum concentration of about 20% in men and 12% in women. The reduced serum concentration of LDL in E-3/2 may be relevant to the lower than expected frequency of this phenotype in survivors of myocardial infarction 8 and also in patients undergoing angiography who have no signs of The variance due to segregation at the apo E locus is represented by the weighted sums of squared deviations of the means of the phenotypes from the population mean. The heritabihty estimates are taken from our earlier study 19 and are denved from the regression of offspring mean on the value from one parent. Such estimates are available only for VLDL and LDL.
•p = 0.01.
coronary arteriosclerosis. 20 The same substitution caused an elevation of over 40% in both VLDL and IDL cholesterol concentration in women; although men had a modest increase, this did not nearly attain statistical significance. Also, the same substitution caused a substantial increase in the VLDL cholesterol/triglyceride ratio in both sexes. Replacement of both 83 by E2 alleles (E-3/3 to E-2/2) produced a dramatic enhancement of the effect caused by a single substitution: elevating VLDL and IDL cholesterol in both sexes, greatly reducing LDL concentration, and causing a more striking increase in the VLDL cholesterol/triglyceride ratio. Neither of the E-2/2 persons had been diagnosed as hyperlipidemic, neither had any personal history of heart disease, and only one reported a single relative (mother) with coronary disease.
The lipoprotein profile in the numerically well-represented category, E-4/3, closely resembled that of E-3/3 in men. In women there was an approximate 10% elevation of LDL and in men, a smaller, statistically insignificant increase. Otherwise the differences between the means for the lipoprotein fractions were minor and corresponding variances were similar. Although there were too few cases of E-4/4 and E-4/2 to give confident estimates of these phenotypic scores, at least there was no evidence that the VLDL cholesterol and/or triglyceride concentration was increased by the presence of e4 in place of e3.
In the substitution for e2 for e3, there was a gender-limited difference in expression, evident in the greater effects on VLDL and the smaller effects on LDL concentration in women than in men. This difference is apparently not related to the higher concentration of HDL, in women and poses a problem of interpretation.
Our evidence differs in some respects from that reported by others. There is general agreement that the substitution of e2 for e3 leads to a lowering of I_Q|_ 16-18 However, one report concludes that in a series of families with a hyperlipidemic proband, the effect of e2 in elevating VLDL cholesterol was only apparent in homozygotes, whereas we found clear evidence of the effect on women of a single substitution of e2 for E3. But there is a greater discrepancy in these authors' report that E-4/3 heterozygotes have a substantial increase of LDL cholesterol over the level in E-3/3 persons, whereas we found a lower increase in women and even less in men. Another independent study 11 showed no influence of the e4 allele on lipoprotein concentrations.
In general, it is not valid to compare evidence based on a random population sample with evidence derived from a selected sample of patients with, for example, abnormally high levels of cholesterol or triglyceride. 12 The data of Bouthillier et al. 18 refer to young persons approximately 20 years of age, whereas our population was 45 to 60 years old (a mean age of 53 years). The expression of the genetic differences studied may be age-dependent. Our analysis was based on a substantial random sample of "healthy" persons, whereas these authors referred to relatives of hyperlipidemic probands and the sample size was considerably smaller.
It cannot be assumed that comparison of lipoprotein profiles in apparently normolipidemic members of such families provides a valid estimate of the effect of genetic substitution in the general, unselected population. Also, the apparent effect of the e4 allele might involve one or more linked loci. Evidently we need further evidence from adequate random samples from different populations to compare the lipoprotein profiles in relation to phenotype and also age.
The effect of the e2 allele in promoting a reduction of LDL and an elevation of VLDL and IDL, most evident in E-2/2 women, might originate in the enhanced diversion of VLDL derived from a common pool to the I3-VLDL fraction and its subsequent removal by a route which does not entail conversion to LDL.
The maintenance of the apo E polymorphism poses a challenge. Given the effects of allelic substitution on the lipoprotein profile and the apparent widespread uniformity of gene frequencies, it is possible that selection has played a part in establishing the observed gene frequencies, perhaps under environmental conditions that no longer prevail or prevail to a lesser extent. Estimates of gene frequency from a wider range of populations, together with a better understanding of the metabolic function of the apo E isoprotein and its interaction with dietary and other environmental variations, may suggest several ways in which fitness could be influenced by the apo E genotype.
Particularly interesting are the relations between log cholesterol minus log triglyceride, which is equivalent to the cholesterol/triglyceride ratio, and the different lipoprotein fractions. Since there was no statistically significant heterogeneity between the regression coefficients for the three commonest phenotypes (including E-3/2 which has an appreciably higher ratio), we used the slopes of the parallel lines (Table 5 ). There was a consistent, positive association between the difference and IDL, a nil relation with both LDL and HDL,, but a strong negative association with HDL,. This leads to speculation about the origin in terms of lipoprotein metabolism.
The correlations between the C-lll/C-lll, and Clllj/C-ll ratios and VLDL and IDL concentrations are higher in women than men, at least for genotypes E-3/3 and E-4/3. C-lll 2 inhibits lipoprotein lipase in vitro. 21 It is conceivable that the higher the ratio, the greater the inhibition, and hence the lower the degradation, of VLDL. The clearer evidence of this effect in women may be related to a more dominant role for lipoprotein lipase in determining VLDL serum concentration. E-3/2 women, however, apparently have a different relationship, suggesting a possible interaction between the E2 allele and the relations between C-lll 2 , lipoprotein lipase, and VLDL, resulting in elevated VLDL and IDL and in a lack of correlation.
In men, the highly significant correlation between the ratios and HDL, in E-4/3 and also the positive and generally significant correlation with VLDL cholesterol and triglyceride in E-3/2, compared with the lack of correlation in other phenotypes, suggest that substitution of E3 by either a E2 or e4 allele alters the lipoprotein metabolism in a complex and subtle manner.
The proportion of the phenotypic variance in our population accounted for by segregation at the apoprotein E locus is of particular interest. In our earlier study 19 on a substantial number of persons from the same population but with a wider age range, heritability estimates derived from parent/offspring and sib correlations suggested that 30% to 40% of the phenotypic variance of LDL cholesterol may be accounted for by the average effects of genetic segregation. In the present sample of older persons, 20% of the phenotypic variation in men was accounted for by segregation at the single locus; this percentage was lower for women.
If the total and additive genetic contributions to the phenotypic variance are not greatly different, we could infer that segregation at the apo E locus accounts for a substantial fraction of the genetic variation in LDL in men and somewhat less in women. In women, however, VLDL and IDL clearly show the effects of segregation.
It would be possible to take the analysis further by splitting the apo E effects into additive and dominance components, but we will wait until more persons with the rarer phenotypes, especially E-2/2, are available for study. This is because the accuracy of the estimated "genotypic" value will be influenced by phenotypic variations and sample age and will affect the estimate of dominance deviations.
Since apo E has a significant role in lipoprotein metabolism, it is probable that genotypes differ in age-related changes. We have preliminary evidence of this, and if this were better understood, it would allow for improved correction for age, lower error variance, and probably higher estimates of the relative contribution to the phenotypic variance of segregation at the apo E locus. Still, our finding that in humans segregation at a single locus accounts for so high a proportion of the phenotypic variance of an apparently polygenic character has few precedents. How many analogous situations in the variation not only of LDL and other lipoprotein fractions, but also of other serum constituents, are waiting to be revealed?
